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Recently, hybrid structures of microorganisms with inorganic nanoscale moieties have
received great interest due to their potential in fabricating electronic systems. Electronic
properties of metal nanoparticles, due to single electron transport of current[1], make them
ideal material for nanodevices. Concomitantly, the nanostructure of microorganisms such
as bacteria[2], viruses[3;4] and yeast[5] are attractive scaffolds for nanoparticle templating
due to surface charge and biological affinities for specific molecules [2-7]. However, the
key challenges in building hybrid devices are patterning nanostructures without
destroying the biological construct of the microorganism and achieving active integration
of biological response to the electrical transport in nanoparticle device. Here we present
a simple method to build hybrid devices that use biological response of the
microorganism to control the electrical properties of the system. In our design, a
monolayer of gold nanoparticles is deposited on the peptidoglycan membrane of a live
gram-positive bacterium. The hydrophilic peptidoglycan membrane is then actuated by
humidity, to modulate the electron tunnelling barrier width between the metallic
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nanoparticles. A decrease in inter-particle separation by < 0.2 nm (for humidity excursion
from 20% to ~0%) causes a > 40-fold increase in tunnelling current. Vapour sensors
based on the increase in resistance due to separation of Au nanoparticles have been
reported in three-dimensional (3D) clusters of Au nanoparticle/organic composite films[810]

. In this study, the coupling between large expansion of an underlying hygroscopic

bacterium membrane and the Au particle monolayer is the key to achieving an order of
magnitude larger change in current compared to the above-mentioned 3D nanocomposite
devices where the change is due to the swelling of an inter-particle organic phase. The
method shown here could be used to pattern various nano-scale inorganics, whose
optical, electrical and magnetic properties could be biologically controlled, bringing a
prominent advancement in the present technology.
Electrically percolating clusters of metal nanoparticles, in contrast to their microparticle cousins, are fundamentally different in terms of the electrical properties due to
the nature of interparticle electron transport[1]. At nanoscale size, the charging energy to
insert a single electron in nanoparticle is >1-10 fold the thermal energy, the inter-particle
current flow is by single-electron transport as explicitly shown by transport studies on
single-nanoparticle[11;12], their 2- and 3-dimesnsional assemblies[13-16], and singlenanoparticle devices (such as single-electron-transistor[17;18]). The above studies
demonstrate that a percolating cluster of metal nanoparticles is a viable unit to fabricate
single-electron devices, where the micron-scale clusters will allow for easy-to-fabricate,
robust interconnection network for the nanodevice system. Because metal nanoparticles
such as gold are stabilized in solution by electrostatic repulsion, forming a percolating
cluster on physical substrates requires either an organic cross-linkers to stitch the
particles[13;19] or polyelectrolyte to shield the charge of the particles[16;20]. For biological
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substrates, the highly selective deposition of nanoparticles relies on either highly specific
binding (such as DNA hybridization[21-23], biotin-streptavidin interaction[24]) or strong
specific intermolecular interaction (such as electrostatic interaction[25-27]).
Bacillus cereus (a gram positive bacterium) is deposited on a poly-l-lysine (average
molecular weight 164,000 Dalton) coated silicon substrate with 500 nm thermally grown
silica and gold electrode lines at 7 ± 0.2 micron spacing, using a previously described
technique[2]. In a typical deposition process, the bacteria are cultured in nutrient broth
(Difco) in a shake flask for ~14 hrs. at 30 OC. The bacteria are subsequently filtered and
centrifuged to extract similar sized cells that are ~ 4-6 μm long and ~ 0.8-1 μm in
diameter. The bacteria are suspended again in sterile water and are deposited on the polyl-lysine-coated substrate. On a substrate, there are 20 sets of electrodes. The deposition
time of the bacteria is ~ 10-15 min. to form bridges spanning between the Au electrodes.
Usually, ~10 bridges are formed along the 10 mm long Au electrode pair. The extracellular polymeric substances (EPS) on the bacteria (and around the bacterium) are
removed by 2N NaOH wash for 1 min. The bacteria deposited chip is then immediately
immersed in a solution of poly-l-lysine-coated gold nanoparticles (of diameter D=30
nm)[2]. Highly controlled deposition of nanoparticles is achieved by regulating the
deposition time in the Au nanoparticle solution (see Fig. 1(a) to (e)). Since both the Au
nanoparticles and the substrate are positively charged, the deposition is highly selective
with a monolayer formation only on the (negatively charged) bacteria surface. However,
a simple negative surface charge is not sufficient to obtain electrically percolating
deposition. Fig. 1(f) shows deposition of the same Au nanoparticles on a negatively
charged “physical surface” prepared by adsorbing monolayer of poly(sulfonated styrene)
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(70,000 Daltons with <90% sulfonation) on the poly-l-lysine coated SiO2/Si substrate
(described above). Deposition was maximized by depositing poly-l-lysine and PSS at a
pH of ~4 and ~8.5, respectively; and adding 1mM NaCl in the pH 7 suspension of the
nanoparticle solution. However, the 2D packing density was found to be low and nonpercolating. X-ray reflectivity measurements have shown that in the multi-layer films of
polyelectrolytes (in our case PSS on poly-l-lysine) the polymers are layered and their
conformations are flat with no significant loops due to multiple point binding[28].As a
result, the polymer mobility is highly restricted. On the other hand, the polyelectrolyte
on bacterium surface, i.e., the teichoic acid, is a flexible brush, tethered to the
peptidoglycan surface at one end with rest of the chain in high thermal motion (i.e., high
mobility). Furthermore, because the brush contour length is typically ~ 18 nm[29], it is
reasonable to expect that the negatively charged teichoic acid molecule with high
mobility and chain flexibility may wrap over the positively charged Au particle up to a
maximum possible subtended angle of 135O from the point of contact to minimize freeenergy. A similar screening of charge by PSS would be difficult in the case for PSS/polyl-lysine structure due to restricted mobility. Specific attachment of concanavalin-FITC
dye to the teichoic acid[30] followed by confocal microscopy confirms their uniform
distribution of the brush on the bacterium. Because, no nanoparticle deposition on the
bacterium occurs subsequent to the neutralization of the teichoic acid after the attachment
with concanavalin, the role of the latter in high-density deposition is justified.
A standard assay of PI/SYTO 9 dye is used to confirm the fate of the bacteria[31].
The green coloration in Fig. 3 shows that the bacteria survive the complete device
fabrication process. Because integrity of the peptidoglycan surface membrane in which
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the teichoic acid molecular-brush is imbedded is critical for the Au nanoparticle
deposition, the survival of the bacteria for the device fabrication is important. Any lysis
of the bacteria (or release of EPS and/or internal bacterial fluids) will lead to ill-formed,
non-functional devices.
The inset of Fig. 4 shows a typical Au nanoparticle monolayer coated bacterial
bridge connected to the Au electrodes. One bridge constitutes a device. All the currents
reported subsequently are normalized by number of bridges between the electrodes and
were measured at 22 OC. Fig. 4 shows the normalized current, I, between the bridges as a
function of relative humidity RH. The Au nanoparticle deposition is optimized for 4 hrs.
(see Fig. 1(d)) to obtain the largest change in current due to humidity. Fig. 4 indicates
that the device behaviour is reversible and stable over a slow run taken over ~40 min. per
cycle. Because of complete reversibility of the device, it is unlikely that the water inside
the bacteria plays any significant role. In contrast to most impedance based
microelectronics humidity sensors[32], the resistance of the device decreases as humidity
increases. The largest change in current,, and hence highest sensitivity, is for the low
humidity region of RH <20%.
A simple model based on Fig. 2 explains the observation in Fig. 4. As the humidity
increases, the peptidoglycan membrane absorbs water. Assuming no excess volume of
absorbed water, the volume fraction of water absorbed is fRH, where f is Henry’s constant.
Assuming affine swelling of the peptidoglycan membrane, the linear extension of the
membrane due to absorption is (1-fRH)-1/3. Because the nanoparticles are fixed on the
membrane, the interparticle separation is given by, a/aO = (1-fRH)-1/3, where aO is the
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separation at RH = 0. Because electron tunneling is the primary transport mechanism, the
current is given by Fowler-Nordheim equation [33],
⎧V
⎡
⎤ V ⎫⎪
Ka 0
⎪
⎥+
I = ⎨ exp ⎢−
⎬
⎢⎣ 3 (1 − fR H ) ⎥⎦ R B ⎪
⎪⎩ R0
⎭

(1)

where, K = (32π2meφ/h2)0.5 (h is Plank’s constant, me electron rest mass, and φ is the
barrier height at nanoparticle/organic interface), RB is the resistance to the leakage
current from the peripheral as shown in Fig. 4, R0 is a normalization constant
proportional to device resistance at RH = 0, and V is the bias across the device (i.e.,
bacteria bridge). We conjecture that the peripheral strip leading to finite RB is due to
deposition of proteinaceous substances secreted by the bacterium (probably for adhesion
to the substrate). To decipher the effect of water absorption by poly-l-lysine on the device
performance, after the device fabrication, we capped the amine groups of poly-l-lysine
with glutaraldehyde to reduce the water uptake by lysine. No significant change in
device performance was observed indicating that the role of moisture absorption by polyl-lysine on device performance is negligible.
Fig. 5(a) shows the fit of the experimental observation to eq. (1) (for the same
device) at different V. Each excursion in humidity was ~40 min. long and the lapse
between consecutive runs on average was ~1 hr. Although eq. (1) has four fitting
parameters, the validity of the model is justified because they are reasonably constant
over all the biasing voltages (see Table in Fig. 5(a)). The constant RB implies ohmic
behaviour (independent of RH) for leakage current given by, IB=V/RB. This is reasonable
because on the peripheral region, the nanoparticles are not on the peptidoglycan
membrane but adsorbed on to proteinaceous corona of the bacteria that does not change
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significantly in the lateral dimension due to humidity. Because, the contact resistance is
not expected to be large[2] and is a strong function of humidity, it is included in RB. We
also note that because the current through bacteria-bridge with no nanoparticles is
insignificant, ionic currents can be neglected.
Fig. 5(b) shows the corrected current, I – IB that flows through the nanoparticle
monolayer as a function of percent change in inter-particle separation (estimated from f).
Interestingly, for a humidity change from 20 to 0% corresponding to calculated decrease
in inter-particle distance of only 7%, the (corrected) current increase by over 40-fold.
Because the corresponding increase in total current, I, is only ~7-fold (see Fig. 5(a)), a
reduction in peripheral deposition will improve the device sensitivity significantly. The
high sensitivity to subtle change in interparticle distance is attributed to transport by
single-electron-tunneling through the percolation network because the charging energy
e2/(2πεε0D) ~1.5kT (where, ε~3 is the dielectric constant of the organic coating and e is
electron charge). Using the model parameters, and a tunneling barrier of 5.1 eV (i.e., a is
much larger than poly-l-lysine coating thickness in Fig. 2 implying metal(poly-llysine)/air/metal(poly-l-lysine) junction), the nanoparticle separation at 0% humidity is
~2.3 nm, implying an absolute change (for 0 to 20% humidity range) of <0.2 nm. We
note that the sensitivity is significantly lower for devices fabricated at deposition time ≥ 8
hrs, where ohmic I-V is observed[2] than the non-ohmic behaviour for the reported 4 hrs.
deposition time device (see inset of Fig. 5(b)). On the other extreme, for deposition time
of 2 hrs. the inter-particle distance in the contiguous clusters is too large for significant
tunneling current. Thus, a combination of exponential dependence on a and a ~ 2.3 nm
explains the high sensitivity of the system. Furthermore, in contrast to the earlier reports
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on Au/organic composite thin-film-sensors[8-10], where electron transport is by
thermionic-emission or activated-tunneling, in our case, electron transport is via
tunneling because the activation energy for tunneling is ~1.7 meV (see Fig. 6) which is
much smaller than free-electron’s thermal energy, kT ~ 25 meV at room temperature.
In summary, we have illustrated an approach to fabricate an active hybrid bioelectronic device using “physical” nanomaterials and a live microorganism. The electrical
property of a monolayer of nanoparticles is controlled by actuating the peptidoglycan
layer of the bacterium. A < 8% actuation in the peptidoglycan membrane, induced by
humidity excursion from 20 to 0%, leads to > 40-fold increase in the tunnelling current.
This work is a step forward in providing researchers an avenue to obtain active coupling
between microorganisms and (electrical, optical and/or magnetic) physical nanodevices.
We believe that such hybrids will be the key to conceptually new electronic devices that
can be integrated with power and function of microorganisms, on flexible plastic-like
substrates using simple beaker chemistry.
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Figure: 1: Highly controlled, highly selective deposition of Au nanoparticle on
bacteria: Lysine coated 30 nm Au nanoparticle deposition from pH 7 solution for
(a) 30 min, (b) 1 hr, (c) 2 hr, (d) 4hr, and (e) 8 hr. (f) Same (positively charged)
Au nanoparticles are deposited on a (negatively charged) PSS coated
lysine/SiO2/Si substrate for 16 hrs. The Au nanoparticles are percolating after 4
hr. deposition on bacteria while no conduction is observed for the physical
surface in (f). Bar size = 300 nm. The small amount of multi-layer formation for
high deposition time is due to contraction of the membrane because of loss of
water in Scanning Electron Microscope.
Figure 2: Schematic of the closely packed nanoparticle: Schematic showing two
lysine coated Au nanoparticles clutched by negatively charged teichoic acid
molecules. The distance between Au nanoparticle surfaces is a. The electron
transport from right to left is through a mixture of organics (lysine, teichoic acid)
and air. The role of the electric field inducing electron transport is discussed later
in Figs. 4 and 5.
Figure 3: The fate of the bacteria during device processing: The standard
PI/SYTO 9 assay is used to probe the survival of the bacteria at various stages of
the process. Confocal microscopy of different samples at following stages is
shown: (a) Bacteria immediately after immobilization from the nutrient broth on
the substrate; (b) after the gold nanoparticle deposition for 4 hrs.; and (c) after
10-5 torrs vacuum for 2 hrs. The green and red coloration indicate that the
bacteria are alive and dead, respectively.
Figure 4: The characteristics of the humidity sensor: Typical device current as a
function of relative humidity for “up” (i.e., humidity decreasing) and “down” cycles.
The current is normalized per bridge. The inset shows two typical bacteria
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bridges spanning between the electrodes. The peripherals strip is a (percolating)
monolayer deposition of nanoparticle.
Figure 5: The validity of model and Peptidoglycan actuation: (a) The
comparison of theory (solid lines) in Eq. (1) and experimental observation (data
points) are compared at various bias for the same device. The consecutive
measurements on the device are made at increasing bias, i.e., 5, 10, 15, 20, and
25 V. The inset shows the four fitting parameters, K, f, T0 and RB. (b) Shows the
corrected current (after subtracting the calculated leakage current, IB) as a
B

function of calculated percent change in inter-particle distance due to humidity
induced dimensional change in the peptidoglycan membrane. Consistent with the
model Eq. (1), the straight line for all biases in the semi-log plot indicates
exponential dependence. The inset shows the (non-ohmic) I-V characteristics
and differential conductance.
Figure 6: Temperature dependence of the device current at 0% humidity: Plot of
negative of natural logarithm of current versus 100/T with applied bias of 0.1 V.
The units for I, T and kT (for the formula in the in-set) are A, K and eV,
respectively.
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TOC - Figure
Bacteria-nanoparticle hybrid device
is operated by applying a bias of
10V across the bacterial bridge and
measuring the device current.
Typical current as a function of
relative humidity for “up” (i.e.,
humidity decreasing) and “down”
cycles shows no hysteresis and a
40-fold change (after background
subtraction). The inset shows two
typical bacterial bridges spanning
between the electrodes. The
peripherals strip is a monolayer
deposition of nanoparticles that
leads to a constant background.

Keywords:
Bioelectronics, nanodevice, sensor, Au nanoparticle, nanoparticle monolayer,
nanoparticle self-assembly
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